ABSTRACT. To analyze the synonymous codon usage patterns of sequence regions flanking cleavage sites in the hepatitis A virus (HAV) polyprotein, the codon usage bias at codon positions and the synonymous codon usage in the target contexts of 30 virus strains were estimated by two simple methods that were based on the values for relative synonymous codon usage. In addition, the pattern of synonymous codon usage was compared between the genomic sequences in HAV and those of its human host. Our results indicated that HAV adopts a combination of coincidence and antagonism with the synonymous codon usage in humans. This characteristic may help HAV to efficiently use the translational machinery in its human host. We also observed that codon usage exhibited a strong bias in some specific positions in these contexts, and that the underrepresented synonymous codons, CUA for Leu, ACG for Thr, GUA for Val, and UCG for Ser, are preferentially used in these positions. These underrepresented synonymous codons likely play roles in regulating the rate of protein translation and influencing the secondary 
INTRODUCTION
The hepatitis A virus (HAV) is a member of the Hepatovirus genus belonging to the Picornaviridae family (Pintó et al., 2007) . HAV is a non-enveloped icosahedral virus with a positive single-stranded RNA genome. The genome contains an open reading frame (ORF) encoding a polyprotein, which is flanked by 5ꞌ and 3ꞌ non-coding regions (Cohen et al., 1987) . After translation, this polyprotein is subsequently cut into 11 proteins through a cascade of proteolytic events performed mainly by the viral 3C protease (Schultheiss et al., 1994 (Schultheiss et al., , 1995 . Although many reports have indicated that the overall genomic organization and the translation strategy of HAV are highly similar to those in other members of Picornaviridae family, many differences still exist. These include differences in the overall codon usage pattern of HAV (Pintó et al., 2007; Sablok et al., 2011) and the effects of synonymous codon usage pattern of host and virus on expression of the HAV genome (Sánchez et al., 2003; Pintó et al., 2007) . Previous studies have shown that the genomes of human RNA viruses have high mutation rates, caused mainly by mutation pressure (Drake and Holland, 1999) . The above-mentioned studies focused mainly on the general codon usage pattern of RNA viruses to identify the nature of the mutation pressures or the mechanisms of translation selection during the evolution of RNA viruses. Comparative analysis of the synonymous codon usage plays an essential role in investigating viral evolution, particularly for comparisons of the synonymous codon usage between RNA viruses and their hosts (Barrai et al., 2008; Bahir et al., 2009; Wong et al., 2010; Zhou et al., 2012) . In general, three main codon usage patterns between RNA viruses and their natural hosts have been identified: antagonism, a mixture of coincidence and antagonism, and coincidence. It is clear that comparative analysis of the overall codon usage pattern between RNA viruses and their hosts can reveal coevolution and adaptation of viruses to their hosts. Such information is also valuable for investigating the strategy of viral gene expression. Efforts to identify the translational feature of capsid-coding sequence in HAV, involving comparative analysis of the synonymous codon usage pattern in the virus and its human host, have indicated that antagonistic codon usage appears to be required for the correct formation of the viral capsid structure (Sánchez et al., 2003; Pintó et al., 2007) . Moreover, several studies have reported that the usage bias in synonymous codons in some ORF regions may regulate the efficiency of expression from these regions (Kane, 1995; Zolotukhin et al., 1996; Ohno et al., 2001; Song et al., 2004; Zhi et al., 2010; Zhou et al., 2011 Zhou et al., , 2013a . These biological phenomena may be the result of selection for fine-tuned translation kinetics for regulating expression efficiency (Aragonès et al., 2008 (Aragonès et al., , 2010 . For the formation of packaging virions, the precise cleavage of the HAV precursor polyprotein plays an important role because this cleavage is a key step in virion formation (Buenz and Howe, 2006) . However, little information about the codon usage in the sequence regions flanking the cleavage sites in the HAV polyprotein is available to date. Here, we used 30 strains of HAV as a model to analyze the characteristics of codon usage in the contexts flanking the cleavage sites in the viral polyprotein.
MATERIAL AND METHODS

Sequence information
To avoid repeated retrieval of sequences with high homology, 30 complete RNA sequences of HAV were selected and downloaded from the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/Genbank/) ( Table S1 ). To locate the cleavage sites in the complete coding sequence of HAV, multiple sequence alignments were performed with the ClustalW (1.7) method of the DNASTAR software (7.0) for Windows, with minor manual editing.
Calculation of relative synonymous codon usage (RSCU)
The RSCU values for the 30 coding sequences of HAV were calculated as previously described (Sharp and Li, 1986) . RSCU values do not depend on amino acid composition and the size of the coding sequence, because these 2 variables can be eliminated in the calculation. An RSCU value for a codon equal to 1.0 indicates that this codon is chosen equally and randomly. The RSCU value for a synonymous codon >1.0 or <1.0 indicates a greater or lower frequency of this codon, respectively. Synonymous codons with RSCUs >1.6 were considered to be overrepresented, whereas synonymous codons with RSCUs <0.6 were regarded as underrepresented . In addition, in order to analyze the synonymous codon usage pattern between HAV and its natural host, the frequency of synonymous codon usage in the human genome was obtained from the codon usage database http://www.kazusa.or.jp/ codon/ (Nakamura et al., 2000) and calculated by the RSCU formula. The RSCU data were then used to identify any differences in synonymous codon usage between HAV and human.
Calculation of the codon bias model for each position flanking the cleavage sites of the HAV polyprotein
To investigate the codon usage model for each position flanking the cleavage sites of the HAV polyprotein, a formula for CUB i was devised to evaluate the accumulation of codon usage bias at each position flanking the target contexts of the HAV polyprotein.
where the CUB i value represents the codon bias at a certain position in the target contexts in HAV; the k value represents 30 sequences of HAV; the i value represents a specific position ranging from 1 -9 and 12-20 up-and downstream of each cleavage site (positions 10 and 11), respectively. A CUB i value <0.6 indicated that the codon usage had a low bias at this position in the examined region; conversely, a CUB i value >1.6 indicated highly biased codon usage at this position.
Calculation of the synonymous codon usage in the contexts of flanking cleavage sites of the HAV polyprotein
To calculate the discrepancy in synonymous codon usage between the target contexts and the whole coding sequence of HAV, we developed a simple method based on a previous report (Zhou et al., 2011) .
where n 20 is the sum of synonymous codons in the 20 codons flanking the cleavage site, N 20 is the sum of the corresponding amino acids in this 20-codon region, n is the sum of synonymous codons in the entire coding sequence, and N is the sum of the corresponding amino acids in the entire coding sequence.
RESULTS
Comparative analysis of the RSCU values between HAV and human sequences
For the synonymous codon usage pattern of the HAV sequence, the most overrepresented synonymous codons were those ending in A or U (except for UUG for Leu), including UUU for Phe, AUU for Ile, GUU for Val, UCU and UCA for Ser, CCU and CCA for Pro, ACU and ACA for Thr, GCU for Ala, CAU for His, AAU for Asn, GAU for Asp, UGU for Cys, and AGA for Arg. On the other hand, the most underrepresented synonymous codons were those ending in C or G (except for CUA for Leu, GUA for Val, and CGA for Arg), including UUC for Phe; CUC for Leu; AUC for Ile; GUC for Val; UCG and AGC for Ser; CCC and CCG for Pro; ACC and ACG for Thr; GCG for Ala; UAC for Tyr; CAC for His; AAC for Asn; GAC for Asp; UGC for Cys; CGU, CGC, and CGG for Arg; and GGC for Gly (Table 1) . This observed codon usage bias in the HAV genome suggests that some synonymous codons are not chosen equally and randomly.
We noted a mixture of coincidence and antagonism of synonymous codon usage pattern between HAV and its natural host. In particular, similar synonymous codon usage pattern included CUA for Leu, AUA for Ile, GUA for Val, UCG and AGU for Ser, CCG for Pro, ACG for Thr, GCG and GCA for Ala, CAA and CAG for Glu, AAA and AAG for Glu, and GGG for Gly. In contrast, the reversed synonymous codon usage pattern included UUA, UUG, CUC, and CUG for Leu; AUU and AUC for Ile; GUU and GUC for Val; UCU, UCA, and AGC for Ser; CCC for Pro; ACU and ACC for Thr; GCU and GCC for Ala; UAC for Tyr; CAC for His; AAU and AAC for Asn; GAU and GAC for Asp; UGU and UGC for Cys; CGC, CGG, and AGA for Arg; and GGC and GGA for Gly (Table 1) . Among the synonymous codons with similar usage, a similar underrepresentation of synonymous codons is found for CUA, GUA, UCG, CCG, ACG, and GCG codons, which -in both HAV and human sequences -contain TpA or CpG at their 3ꞌ ends (Table 1 ). These observations likely suggest that these codons regulate the speed of translation from sequence regions in which they reside. The underrepresentation of CpG or TpA dinucleotides has also been found in several other organisms (Cooper and Youssoufian, 1988; Karlin and Burge, 1995; De Amicis and Marchetti, 2000; Sugiyama et al., 2005) .
The codon usage bias at each position flanking every cleavage site in HAV
In general, the degree of codon usage bias was highly variable in the regions flanking the cleavage sites of the HAV polyprotein, and these biases (indicated by CUB values <0.6 or >1.6) affected specific positions in these regions. In particular, a high bias (CUB value >1.6) of codon usage was detected at positions 8, 9, 12, and 18 in the VP4/VP2 context; positions 2, 5, 8, 9, 13, 14, and 17 in VP2/VP3; positions 3, 4, 6, 7, 9, 11, 12, 14, 15, and 19 in VP3/VP1; positions 1-3, and 8 in VP1/2A; positions 1, 2, 7, 12-14, 19, 20 in 2A/2B; positions 2, 8, 9, 17, and 20 in 2B/2C; positions 7, 9, 11, 13, and 14 in 2C/3A; positions 9, 14, and 17 in 3A/3B; positions 6, 9, 11, 12, 19, and 20 in 3B/3C; and positions 3, 7, 11, 18, and 20 in the 3C/3D context ( Figures S1-S10) . The amino acids Ile, His, Thr, Ser, Arg, Asn, Ala, Asp, Val, Gly, and Pro were preferentially used in these positions. Moreover, a low bias of codon usage was found at positions 4-6 in the VP4/VP2 context, positions 1 and 11 in 2B/2C, position 1 in 3A/3B, and position 7 in the 3B/3C context ( Figures S1, S6, S8, S9 ). The amino acids Asp, His, Ile, Ser, and Val were preferentially used in these positions, and their favored synonymous codons tended to be chosen at these positions.
Bias of synonymous codon usage in the given contexts flanking the cleavage sites
Next, we investigated the association between synonymous codon usage and the codon usage bias in positions flanking each cleavage site in the HAV polyprotein. Some synonymous codons with RSCU values <0.6 were preferentially used in the regions flanking the cleavage sites in the HAV protein (Figures 1-10) . The synonymous codons with R values >0 and RSCU values <0.6 (calculated from the codon usage in human DNA sequences) in the various regions flanking the cleavage sites of HAV are listed in Table 2 . These codons where of two types: one type was represented by UUA for Leu, CAA for Gln, and AUA for Ile whose RSCU values, calculated from the whole coding sequence of HAV, were not coincident with those in human sequences. The other codon type was represented by CUA for Leu, GUA for Val, UCG for Ser, CCG for Pro, and CGU for Arg, all of which were underrepresented codons and encoded hydrophobic amino acids in both HAV and human sequences (Tables 1 and 2 ). 
DISCUSSION
In this study, we identified similarities in synonymous codon usage between the sequences of the RNA virus HAV and those in humans, which may indicate that despite regular mutations in the HAV genome, the synonymous codon usage of this virus is maintained similar to that of its host. This feature may help HAV to ensure successful and efficient replication through the translational machinery of human cells. Moreover, the codons recognized by the most abundant tRNA tends to be used preferentially for a given amino acid (Bennetzen and Hall, 1982; Akashi, 1994) . Large-scale codon deoptimization in the poliovirus ORF has been shown to decrease viral virulence and replication (Mueller et al., 2006; Coleman et al., 2008) . Thus, synonymous codon usage in HAV similar to that in human cells may be a specific strategy for HAV to ensure efficient translation for production of viral proteins.
Our examination of the regions at the cleavage sites in the polyprotein of HAV indicated that although different cleavage sites possess different motifs, at least one residue is conserved at any given cleavage site. These conserved amino acids might serve as signals recognized by 3C
pro , which plays a central role in HAV polyprotein cleavage. The conservation of residues at all cleavage sites provided evidence that mutations are limited in these regions, probably because the requirement for cleavage imposes significant functional and structural limitations on the polyprotein. Because of the constraints on the size of the viral genome, the abundant evolutionary information of HAV probably had to be compressed into this sizeconstrained genome during its evolution. Translational regulation is controlled not only by the 5ꞌ and 3ꞌ non-translational region of the HAV polyprotein (Whetter et al., 1994; Pintó et al., 2012) , but also by the synonymous codon usage bias in the specific positions within the entire coding sequence. Optimal codons increase the efficiency of gene translation, whereas rare codons somewhat decrease the speed of ribosome scanning along the coding sequence (Deana et al., 1998; Rocha, 2004) . Moreover, a specific synonymous codon in a specific position in the coding sequence may affect the secondary structure and biological functions of proteins (Rosano and Ceccarelli, 2009; Tuller et al., 2010) . The positions with over-or underrepresented codons might play an important role in regulating the rate of translation of the protein regions flanking the cleavage site in the HAV polyprotein. Furthermore, it is of interest that underrepresented codons in both HAV and human sequences, namely CUA for Leu, ACG for Thr, GUA for Val, and UCG for Ser, are preferentially used in the contexts flanking the cleavage sites of this virus. These underrepresented codons probably regulate the speed of ribosome scanning for formation of proper secondary structures of the target regions in the HAV polyprotein. This suggestion agrees with previous reports that even a single rare codon in the initiation site can control the translation efficiency of a gene (Chen and Inouye, 1994; Weygand-Durasevic and Ibba, 2010) . The strong structural limitations of the cleavage sites of HAV are likely strengthened by the overusage of rare codons, whose locations may create codon context variations along the HAV mRNA, inducing a decrease in ribosome scanning speed and thus enabling proper protein folding. This may suggest that the underrepresented synonymous codons might assist new protein products in shaping the correct folding environment in the sequence contexts flanking the cleavage sites of HAV. For example, synonymous codon usage patterns control ribosome traffic and protein folding (Saunders and Deane, 2010) and the kinetics of the protein translation can affect the in vivo protein folding pathway, leading to a high level of protein misfolding (Komar et al., 1999; Sugiyama et al., 2005; Parmley and Huynen, 2009; Zhang and Ignatova, 2009; Weygand-Durasevic and Ibba, 2010) . These observations may support our findings that the underrepresented codons with overusage in the regions flanking the HAV polyprotein cleavage likely decrease the speed of translation in these regions to ensure correct folding of proteins.
In conclusion, the observed commonalities and differences in synonymous codon usage pattern between HAV and human sequences indicate that HAV may adopt a unique translation strategy to make efficient use of the translational machinery of its human host cells. Conservation of codons at the cleavage site motifs may help HAV polyprotein to be cleaved correctly. In addition, both over-and underrepresented codons in the sequence contexts flanking the cleavage sites of HAV may play an important role in regulating the speed of translation and protein folding from these sequences in the virus.
